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Abstract:

Keywords:

The 116 km-long and 1560 m-deep Hirlatzhöhle is one of the major cave systems in the
Northern Calcareous Alps (NCA; Austria). It is located in the NW part of the Dachstein,
an extensive karst massif encompassing 576 km² with its highest point at 2995 m a.s.l. In
contrast to most other caves in the NCA, Hirlatzhöhle comprises old (epi)phreatic passages
located up to 1 km above the base level as well as two modern major drainage systems. The
aim of this study is to define the palaeo- and the active flow conditions in combination with
speleogenesis, and the age of the cave levels of Hirlatzhöhle. We use morphological as well
as sedimentological studies and correlations with other caves. Another difference from cave
systems in the NCA is that the majority of passages in Hirlatzhöhle are not developed within
the so-called Giant Cave Level between 1200 and 1800 m a.s.l., but deeper between 800
and 1300 m. Most parts of Hirlatzhöhle developed under epiphreatic conditions as indicated
by rills and condensation corrosion cupolas, which is the case for many other cave systems
in the NCA. In contrast, paragenetic features like canyons and ceiling channels are relatively
rare as are insoluble sediments. Elongated scallops indicate that flow velocities were high
and abrasive sediments were abundant. Opposite to the nearby Dachstein-Mammuthöhle
and other caves east of it that show a west-directed palaeo-flow, scallops in Hirlatzhöhle
indicate a NE-directed palaeo-flow and an autogenic recharge. Modern drainage is autogenic
and N- to NE-directed as well. Even though burial age dating did not give reasonable results
for Hirlatzhöhle yet, the correlation with other adjacent caves suggests a Late Pliocene to
Early Pleistocene age of the main palaeo-phreatic level. This is supported by an infinite U-Th
age (>0.6 Ma) of a flowstone.
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INTRODUCTION
The Northern Calcareous Alps (NCA) are a part of
the Eastern Alps and are composed mostly of Triassic
carbonates that can reach thicknesses of several
kilometres due to nappe tectonics. Many karst massifs
covering areas of several 100 km² host together more
than 10,000 caves (Plan & Oberender, 2016). With an
area of 576 km², the Dachstein is the second largest
karst massif in the NCA (Fig. 1). It hosts Hirlatzhöhle
(no. of Austrian Cave Register 1546/7), which was
the longest cave in the NCA for over two decades
and is currently the third longest system with 116
km of surveyed passages. In 2018, the merger of the
*lukas.plan@nhm-wien.ac.at

Wot U Got Pot (WUG or Schmelzwasserhöhle) on the
Dachstein plateau with the western part of Hirlatzhöhle
yielded an elevation difference of 1560 m (Hack,
2019), making the cave system the second deepest
in the Eastern Alps and the 9th deepest in the world
(Gulden, 2022).
The summit, Hoher Dachstein, is 2995 m above
sea level (a.s.l.) high and the local base level is Lake
Hallstatt to the north at 508 m a.s.l. Hirlatzhöhle
spreads under the northern area of the Dachstein
massif with a maximum horizontal extension of
5.8 km (Fig. 2) and a vertical extension of 1.6 km.
While the 68 km-long and 1208 m deep DachsteinMammuthöhle (1547/9, hereafter Mammuthöhle),
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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also located at the northern edge of this massif, has
been the subject of several speleogenetic studies
since its discovery in 1910 (e.g., Bock, 1913; Plan &

Herrmann, 2010), there are only a few observations
reported from the now much more extensive
Hirlatzhöhle.

Fig. 1. Central part of the Northern Calcareous Alps with the extensive karst massifs, location of mentioned caves, and outline of Figure 2.
Background is a combination of slope and relief that emphasises the elevated plateaus. Rock types are based on Schubert (2003).

Fig. 2. Northern part of the Dachstein Massif with the survey traverse of Hirlatzhöhle in red and other mentioned caves in magenta. L: major
drainage at low flow conditions; 1: 1st overflow; 2: 2nd overflow; 3?: The 3rd overflow is unsure. Background shaded digital elevation model
colour-coded by elevation.

Hirlatzhöhle is exceptional among most of the
extensive cave systems of the NCA in two ways:
(1) significant parts are hydrologically active and
(2) the majority of the passages do not belong to the
so-called “Riesenhöhlen-Niveau” (Giant Cave Level),
located between 1200 and 1800 m a.s.l. (Knapczyk,
1989; Frisch et al., 2000; 2002), but the vast majority
of the passages are located lower (800 to 1300 m
a.s.l.)., even though they are perched above the base
level.

This study aims at investigating palaeo-flow and
speleogenetic conditions of Hirlatzhöhle and compare
them with modern ones. To this end, we applied
a multi-method approach, including speleogen
mapping, cave sediment analyses, and distribution
analyses of cave passages. In this paper, we show,
that the long-standing scheme of three major cave
levels in NCA, and the resulting model of landscape
and drainage evolution, require deep revision reaching
beyond morphometry.
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EXPLORATION HISTORY, LOCATION, AND
CHARACTERISTICS OF HIRLATZHÖHLE
Exploration of Hirlatzhöhle began in 1949 after the
sump at the entrance was first found dry (Schauberger,
1950). Soon more than 8 km were documented in
the section now called Alter Teil (old part). In 1983,
the breakthrough into the Oberes System (upper
system) was achieved, and in a few years several
tens of kilometres of extensive passage systems were
surveyed. A comprehensive monograph from 1998
(Buchegger & Greger) summarised the exploration
history, descriptions, and various scientific findings
at a cave length of 85 km. Since then, the most
important discoveries have been made in the SE
section of the cave in Tiefkar and Unterfeld (Meyer &
Buchegger, 2008) and finally, the WUG, which opens
at 2002 m a.s.l. on the plateau, was connected with
the western part of Hirlatzhöhle (Hack, 2019).
The main entrance to Hirlatzhöhle is perched in a
U-shaped valley, the Echerntal. Obere Brandgrabenhöhle
located below has been connected to Hirlatzhöhle by
cave dives, as was the Kessel karst spring. The latter
reaches 66 m below the level of Lake Hallstatt. The
cave consists of complexly arranged, often large-scale
passages with several loops. Canyons and deep shafts
are rare, except for the uppermost part, the WUG.
The division of the cave into sections and the names
of the individual localities refer to the descriptions in
Buchegger & Greger (1998). For easier orientation,
the names of the cave sections are abbreviated to the
names of the localities in the following (Fig. 3). They
mean: Zubringer (ZB), Alter Teil (AT), Oberes System
(OS), Westen (WE), Wilder Westen (WW), Südwesten
(SW), Schwabenland (SL), Ostzubringer (OZ), Mittlerer
Osten (MO), Ferner Osten (FO) und Labyrinth der
Entscheidung (LE).
Even though Hirlatzhöhle ranges over 1.56 km vertically,
the majority of the (epi)phreatic parts are located between
800 and 1300 m a.s.l. Most of them are hydrologically
inactive but some are active. Further significant palaeophreatic parts between 1300 and 1500 m a.s.l. are
Schwabenland and the lower parts of WUG.
Presently there are two major drainage systems,
with an average discharge in the order of 1 m³/s each
(Meyberg & Rinne, 1998; Meyberg, 2014; Benischke
et al., 2016; Fig. 2). For both a sequence of flooding
areas with spring outlets and overflows into the next
level are known during rising water. The eastern
drainage system draws its water mainly from the
Unterfeld. Important feeders could be traced up to
1,200 m a.s.l. Via Hochdonnerbach and Donnerbach,
the water flows for 3.9 km with some back-flooding
areas to Hirschbrunn (1546/1). The low water level
of this spring is just above the level of Lake Hallstatt.
During floods, there is an overflow to the Kessel spring.
The western drainage system is known back to
the Austrian Airspace (SW; about 1150 m a.s.l.) and
drains during low water only via Megalodontencanyon
(WW) to the spring Waldbach Urpsrung (1543/1;
948 m a.s.l) 2.9 km away (Fig. 2: “L”). At higher water
level, it floods up to above the spillover at Grünkogel
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Bivouac (WW) and then flows via Echokluft (WW) and
Dark Highway (WE) towards Dürrenbach spring. If the
water spills over into Seetunnel (WE), via Blocktunnel
and Wasserklamm (AT) it reaches parts of Obere
Brandgrabenhöhel and emerges from the entrance
of Brandgrabenhöhle. It can only be assumed that
during rare events the water in the Blocktunnel floods
above the threshold in Schlufflabyrinth (ZB) and then
exits through the main entrance of Hirlatzhöhle (Fig. 2:
3?; Meyberg & Rinne, 1998).
Previous studies
Previous geoscientific studies have been mainly
concerned with the recent hydrogeology of the system
(Pavuza, 1998; Völkl, 1998; Greger et al., 2004;
Meyberg, 2014). The first overview of the morphology
and sediments of the Hirlatzhöhle was given by
Schauberger (1957, and updated in 1983). However,
in 1957, only the Zubringer and the Alter Teil were
known. Schauberger pointed out that Hirlatzhöhle
is at a much lower level than the other caves in
Dachstein, such as Mammuthöhle and neighbouring
caves. Also, the maximum rock overburden of
Hirlatzhöhle of almost 1 km had not been considered
statically possible in the 1950s.
According to Schauberger (1983) Hirlatzhöhle
is controlled by fractures and bedding planes and
was formed in the Late Tertiary, but in any case,
pre-glacially, as a W-E-directed drainage system.
He suggested an allogenic recharge (from outside
the Dachstein Massif) for the early stages of cave
formation. Schauberger (1957) interpreted the origin
of a 0.5 m thick gravel bank of “Dogger-Kieselkalk” as
remains of Jurassic layers that covered the Dachstein
in former times. He realised that quartz pebbles were
rare in Hirlatzhöhle compared to Mammuthöhle in the
east, and correlated this with the sparse occurrences
of quartz pebbles (Augenstein Fm.) on the Dachstein
plateau west of the Gjaidalm.
In an outcrop of bright calcite-rich laminated clays
in the Lehmklamm (AT), soft-sediment deformation
structures were described and attributed to repeated
earthquakes (Salomon et al., 2018). Investigations by
Holzer (2022) suggested that these up to 6 m thick
clay sequences are most likely varves attributed to
back-flooding due to melt of Late Pleistocene glaciers.
The youngest sediment is a carbonate sand where
X-ray diffractometry has shown it is dominated by
calcite (Lehmklamm) or dolomite (Sandtunnel; both
AT; Holzer, 2022).
During the burial age dating of several Augenstein
samples from caves of the NCA using cosmogenic
nuclides, two samples from Hirlatzhöhle were also
analysed (Häuselmann et al., 2020). Both samples
originated from the partially water-active Westen in
the area of Dark Highway and Halle des Staunens
from 1000 and 1060 m a.s.l. They showed cosmic
irradiation 5.2 ± 0.5 and 6.6 ± 0.7 Ma ago, respectively.
Since these high ages are implausible, it was assumed
that the samples were previously stored in older,
higher parts of the cave and were later transported to
the relatively deep and probably much younger parts
(Häuselmann et al., 2020).
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METHODS
To study the evolution and palaeo-flow direction of
Hirlatzhöhle we utilise current speleogenetic models,
which allow a genetic interpretation of caves based on
cave morphology (small-scale features, passage crosssections, and 3D pattern of the cave) and sedimentary
infills (Klimchouk et al., 2000; Ford & Williams,
2007; Palmer, 2007; Audra & Palmer, 2013; De Waele
& Gutiérrez, 2022). The mapped areas are located

between Oase (SW) and the junction Labyrinth der
Entscheidung (beginning of the FO) and can be seen in
Figure 3. Mapping was carried out on three trips during
which 9 days were spent in the cave. Special attention
was paid to the higher parts which are no longer
hydrologically active. Available maps were plan views
drawn with Therion on a scale of 1:1000 as well as older
ink drawings and sketches from the Schwabenland. To
analyse the three-dimensional relationships, the survey
traverse was available as a Survex 3D file (Betts, 2022).

Fig. 3. Overview plan view and vertical projection of the central part of Hirlatzhöhle (c.f. Figure 2). Coloured parts were morphologically mapped
and refer to the structuring of the cave into sections used in Buchegger & Greger (1989). FO: Ferner Osten, LE: Labyrinth der Entscheidung.

OBSERVATIONS
A generalised overview map of the observed speleogens
is given in Fig. 3. A more detailed morphologic map
(1:4000) is available in the Supplementary Information file.
This map also contains geologic and sedimentological
observations, and the locations mentioned in the text.
Geology
Almost all parts of the cave are developed in the
limestone of the Upper Triassic Dachstein Fm. in
lagoonal facies which is well bedded on a metrescale. Only in the SE of the cave, after Colosseum in
section Unterfeld (around 1000 to 1200 m a.s.l.) is
the underlying dolomite exposed (Meyer & Buchegger,
2008). Based on the sequence of layers, it is very likely
to be the Middle Triassic dolomite of the Wetterstein
Fm. (Mandl, 1998).

On the other hand, some small occurrences of the
Lower Jurassic limestone of the Hierlatz Fm., whose type
locality lies above the cave, were identified in the cave as
well (see locations in the Supplementary Figure S1).
General character of the cave
In almost all passages the profiles show a genesis
under phreatic or epiphreatic conditions. Compared
to Mammuthöhle (Plan & Xaver, 2010) and other
extensive caves in the NCA, only relatively few vadose
parts are accessible in Hirlatzhöhle. Significant
exceptions are the shaft system of WUG, the canyonshaft connection from Schwabenland to Oberes
System, and some canyons in Alter Teil.
Most of the passages are controlled by bedding
planes (generally gently dipping to the north) and/
or faults, whereby the former are significantly more
important and, in some parts individual bedding
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planes can be traced for several 100 m (Fig. 4). Some
passages are also fault-controlled, but only a few
follow a fault over long distances. Striking exceptions
that stand out in the plan view are Tiefkarkluft (LE)
and Echokluft (WW). The WSW-ENE-trending passage
above the Grünkogelsiphon (WW, SW) is 0.5 km
long and is (still being) formed along a reactivated
fault (solution morphologies were offset by tectonic
processes; Szczygieł et al., 2022).
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Both fossil and recently formed elongated scallops
are found in Hirlatzhöhle. Recent ones occur in
Grünkogelversturz (WW) together with small potholes
(Fig. 5a). Well-developed examples of fossil elongated
scallops formed under phreatic conditions occur between
Wasserschacht and Schatzkammer (OS; Fig. 6a) or
between Umsteiger and Wolkenbiwak (MO).
In a few places, such as near the branch-off to
Zwölferkogelgang (OS), scallops that differ in length by
one order of magnitude overprinting each other were
documented (Fig. 6b). According to Palmer (2007:147),
small scallops normally overprint the larger ones and
thus indicate the intrusion of fast-flowing waters.

Fig. 4. Example of a gallery that is controlled by a sub-horizontal
bedding plane and a vertical fault (Kreuzungstunnel - ZB).
Photo: Lukas Plan.

There are several smaller and bigger circuits but
compared to other extensive cave systems of the NCA
such as Mammuthöhle or Schönberg-Höhlensystem
(1626/300) where complex 3D mazes are common,
there are hardly any labyrinthic parts.
Small scale morphology
Scallops
In many parts of the cave, scallops are formed,
which allows the determination of the palaeoflow direction. Like many other speleogens in
Hirlatzhöhle, they are particularly clearly developed
in homogeneous yellowish, sometimes slightly
greenish layers of the Dachstein limestone. On the
contrary, they are rare in the more densely fissured
or fossil-rich grey layers. While most have lengths of
some cm to max. 1 dm, there are scallops around 0.5
m long in Märchengang, Großes Fragezeichen (both
MO), and between Halbes Fußballfeld and Querkluft
(SL). Particularly small scallops with only a few
centimetres in length are formed in some paragenetic
bypasses as well as in the tubes at the lower end of
the Großes Fragezeichen (MO).
Compared to other cave systems in the NCA,
many scallops of Hirlatzhöhle are strongly elongated
parallel to the (palaeo-)flow direction. Palmer (2007:
148) described these “elongated scallops”, which are
at least five times longer than wide, only from cave
ceilings and associated them with mechanical erosion
by suspended sediment. He further noted that they
are unsuitable for determining flow velocity. Lundberg
(2012: 422) termed them “scour marks” and noted
that they are relatively rare, as they only occur at flow
velocities >3 m/s.

Fig. 5. Micro-scale forms in Hirlatzhöhle. (a) Recently formed elongated
scallops (Grünkogelversturz - WW). Two small potholes (right below
the centre of the photo) are independent indicators of high flow
velocities. Flow against the view direction. (b) Echinoliths as a result of
the intersection of solution pockets. Palaeo-flow to the right (after the
Frankenspreizer; 9 cm-long knife for scale). Photos: Lukas Plan.

In many cases, scallops allow the determination
of the palaeo-flow velocity, which in combination
with the gallery cross-section area gives the palaeodischarge during floods (Blumberg & Curl, 1974; De
Waele & Gutiérrez, 2022). However, for Hirlatzhöhle
there are many limitations given that: (1) many
scallops being elongated, (2) most galleries and all
major ones host several metre-thick sediment layers
hiding the real cross-section, (3) former sediment
infillings are possible as indicated by paragenetic
features (see below), and (4) mostly there are several
parallel galleries arranged in a complicate pattern.
Therefore, we attempted to calculate the paleodischarge in two smaller passages only. In Großer
Gotischer Gang (ZB) below Platten Schrägaufstieg there
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are well-developed scallops with an average length of
3.9 cm at a cross-section area of 9.3 m². According to
Palmer (2007), this gives 0.9 m/s and a discharge of
8 m³/s. South of Schokosee (MO) at a sediment-free
narrow section of 4 m², 4.1 cm-long scallops indicate
0.9 m/s which results in a palaeo-discharge of
4 m³/s. However, in the big galleries palaeo-discharges
one order of magnitude higher can be expected.

Fig. 6. Scallops on side walls in Hirlatzhöhle. The yellow scale shows
cm (a): Clearly elongated (width to length about 1:5) scallops east
of Wasserschacht (OS). Palaeo-flow from the right. (b): Slightly
elongated (width to length about 1:3) scallops overprinted by one order
of magnitude smaller ones (near the junction to the Zwölferkogelgang OS). Palaeo-flow from the left. Photos: Lukas Plan.

Rills
Rills (Palmer, 2007: 148), also (vadose) flutes
(Lundberg, 2012; De Waele & Gutiérrez, 2022) can
be found in a number of places. Particularly striking
are those already described by Schauberger (1957) in
the Westlicher Seentunnel (AT) and named “Steinerne
Orgeln” (stone organ). Other prominent fossil rills
are found in the upper section of Märchengang (MO).
Rills occur also in the recent epiphreatic zone between
Schwarzer Lehmsunk and Lehmburg (WE).
Potholes and solution pockets
In many parts where the floor is not sedimentcovered, potholes can be observed. They are very
impressive in the Zubringer, where they reach up to
1.5 m in diameter and several metres in depth. They
are eponymous in Kolkodrom (WE; this part was

not visited). However, there are also smaller forms
in environments that lack indicators of high flow
velocities, which should be termed solution pockets
(De Waele & Gutiérrez, 2022).
Echinoliths
The intersection of solution pockets can lead
to sharp-edged spine-like rock projections called
echinoliths (Aley, 1964; Palmer, 2007: 151).
In
Hirlatzhöhle in many areas east of Sprengstelle (OS)
like OS, OZ, or MO echinoliths occur. The shapes,
reminiscent of large bones, gave their names to the
Elefantenfriedhof (MO; elephant graveyard) and the
Zwergelefantenfriedhof (OS).
Paragenetic features
Paragenesis or antigravitative erosion is the upward
growth of a water-filled passage caused by sediment
accumulation on the floor (Pasini, 2009; Farrant &
Smart, 2011). During mapping, a distinction was made
between three morphological features that developed
due to former partial sediment filling of a gallery.
These features are characteristic for the amount of
previous sedimentary infill. (1) Ceiling pendants are
separated by around 1 dm wide anastomosing ceiling
channels. They were formed during almost complete
sediment filling; (2) single ceiling half-tubes that are
typically a few decimetres wide, usually running at the
highest point of the passage profile and formed during
extensive sediment filling; (3) paragenetic canyons are
extension of the ceiling over about the entire width of
the passage during only partial sediment filling.
Paragenetic ceiling pendants are rare. The most
prominent forms are found west of Brustmuskelschluf
at the beginning of Schwabenland and are up to
0.5 m high. Quite a few forms, which at first sight were
thought to be ceiling pendants, turned out to be bedding
plane anastomoses (see below). Ceiling half-tubes are
moderately common. Representative examples can be
found between Brustmuskelschluf and Dreitorhalle
(MO) or SW of Märchensee (OS). Distinct paragenetic
canyons are also rare in Hirlatzhöhle. The best example
is between the Abzweig zum Wasserschacht and the
branch-off to Endhallen (OS).
Furthermore, paragenetic bypasses are developed in
some places. Well-developed examples are to be found
in the area of Große Erleichterung (MO), and the smallscale winding end section of the Ostzubringer can also
be interpreted as such. An example of a recent active
bypass is possibly the Grünkogelüberstieg (SW) where
again paragenetic ceiling forms are also developed
and one has to squeeze through a ceiling channel at
the narrowest point of this section.
Bedding plane anastomoses
Compared to other caves in the NCA, bedding plane
anastomoses are relatively common in Hirlatzhöhle.
They originate from an early phase of cave formation in
which many small tubes are widened simultaneously
(Palmer, 2007). They are not primarily due to
sediment infilling, but may have been reshaped by
sediment into upwardly elongated channels. Only
when the underlying layered package has collapsed

International Journal of Speleology, 51 (3), 181-191. Tampa, FL (USA) September 2022

Flow regime evolution of Hirlatzhöhle (Eastern Alps, Austria)

are they well exposed. As a result, the lower ends of
the ceiling channels are arranged along a surface and
are angular, unlike the ceiling pendants. Examples
can be found in Großes Knie, near the end of the
Geistermandeltunnel, or at the SE end of the gallery
leading to Endhallen (all OS).
Condensation corrosion cupolas
Vertical cylindrical to conical cupolas have been
described by Simms (2002) as “tube karren” and are
due to condensation corrosion caused by frequent
flooding and enclosure of an air bell (Dreybrodt et al.,
2005). The occurrences in Hirlatzhöhle are limited to a
few localities, where, however, several forms are usually
formed. Above the bivouac in Sandtunnel (AT) there
are well-developed cupolas that are up to 102 cm high.
They are still actively partially flooded, as a drinking
cup wedged in one of the features clearly shows.
Similarly, shaped condensation corrosion cupolas
in Gang zur Hölle (MO) reach 1.3 m in height. Further
features are formed between the Idealbiwak and the
nearby sump, and east of the Umsteiger (both MO). At
the latter location, wide-open, rather rounded scours
occur, indicating significantly undersaturated waters. In
the western section of Zwölferkogelgang (OS), the whole
ceiling is sculptured by rather hemispherical cupolas.
Sediments
Clastic sediments
As already described in previous studies, most
common are bright clays to fine sands dominated
by carbonates. Darker brownish-red clay-dominated
sediments that are often found in Mammuthöhle
below the bright cave clay (Bethke, 2020; Holzer,
2022), are rare in Hirlatzhöhle. Good outcrops occur
in Entrischen Halle (SL; 2 m thick); Zwölferkogelgang
(OS; 1.5 m) and south of Wetterscheide (OZ; 0.5 m).
Often these brownish clays contain layers of wellrounded gravel components up to 5 cm in diameter
consisting of mostly reddish-brown, cherty, and finely
bedded limestones. These were called “Dogger Kiesel”
by Schauberger (1957, 1983). Thin sections of three
samples from Zwölferkogelgang (OS) revealed that
the pebbles consist of Upper Jurassic (most probably
Oxfordian) radiolarites, spiculites, and limestones
rich in radiolarians. At least the radiolarite could
be assigned to the Ruhpolding Fm. (A. Lukeneder,
pers. comm.). Greenish layers with abundant quartz
(Augenstein Fm.) that occur as basal layers in some
places in the Mammuthöhle and other caves in the
east (Plan, 2022), could not be found in Hirlatzhöhle.
Only south of the Doppelschlote (SL) has a small
channel exposed the passage floor between fine
sediments several metres thick. Here, sparse remains
of a greenish sandstone are found.
Schauberger's (1957) observation that quartz
pebbles (Augenstein Fm.) are rare in Hirlatzhöhle is
still valid. Only in Aufsteigenden Tunnel (AT) are there
conglomerates up to 2 m thick with a high proportion
of quartz. Finds of small amounts of quartz pebbles,
which however all appear to have been redeposited
by vadose waters are found e.g. at the Wasserschacht
(OS) and around Wolkenbiwak (MO).
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Rounded boulders up to 1 m long in the Zubringer
indicate the expected flow direction towards the
main entrance due to their imbrication, show flow
velocities of several metres per second and fit well to
the impressive potholes.
Speleothems
Active precipitation of speleothems seems to be
negligible. In some areas extensive inactive sheet-like
flowstone deposits of several metres thickness can
be found. One of the most impressive examples is
located west of Fernoststern (FO). Fossil stalagmites
and stalactites are less common.
The surface layer of a flowstone overgrowing
scallop-like features at the ceiling was collected east
of Wolkenbiwak (MO, Fig. 3) at 1005 m a.s.l. and
dated with U/Th dating to provide a minimum age for
the (epi)phreatic speleogenetic phase of the passage.
The calcite has low U (43 ppb) and high detrital Th
content, nevertheless, the 230Th date indicates that
the scallops are older than 0.6 Ma (details on the
methodology and measured values are given in the
Supplementary Table S1).
In Halle der Kristalle (MO) and in its fissure-like
continuation cave walls are lined up with up to
10 cm-long euhedral calcite crystals. These
presumably mark an older cavity that was cut by the
cave passages that were widened by flowing water.
Gypsum crystals and flowers are found in some
layers of the Dachstein limestone, preferably in
the area of the clayey reworking horizon of the
Lofer Cyclothem of the sequence of the Dachstein
limestone. The best examples were seen in
Zwölferkogelgang (OS) near the junction towards
Schwabenland. Occurrences of hydromagnesite are
frequent.

INTERPRETATION AND DISCUSSION
Flow direction
The palaeo-flow directions derived from scallops
give a relatively consistent picture for the main level
between 900 and 1300 m a.s.l. (parts below 900 m are
mostly active) with general directions between east
and north. Somewhat deviating is the Ostzubringer
between Umsteiger (MO) and Dreitorhalle (OS) which
shows a likely NNW-directed palaeo-flow.
An actual contradiction is represented by elongated
large but probably still flow direction indicating
scallops-like forms in a paragenetic ceiling channel
SW of Märchensee (OS; Fig. 7). In contrast to a few
well-developed scallops NE of Märchensee and to the
general trend, these elongated forms in the ceiling
channel point (S)W.
Observations in Großes Fragezeichen (MO) are
inconsistent as well. While in the rather small-scale
access from the Elephantenfriedhof via Schokosee
scallops show clearly a N(W)-directed flow, there
are facets on the walls of the Großes Fragezeichen
leading steeply downhill to the south that imply
south-directed flow. However, they are about 0.5 m
long which implies flow velocities of only a few cm/s
(Palmer, 2007).
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Discharge
As explained above, the calculations of the palaeodischarge are crucial for Hirlatzhöhle. Only for mediumsized passages were values of 8 and 4 m³/s obtained.
Given that elongated scallops indicate flow velocities of
at least 3 m/s (Lundberg, 2012) and the relatively big
passage cross sections palaeo-discharges in the order
of 100 m³/s during flood events are likely.
Also, present-day values can only be estimated.
There are measurement stations at the permanent
outlets of the western (Waldbach-Ursprung) and the
eastern (Hirschbrunn) drainage system. The former
has a mean discharge of 3.1 m³/s and observed
maxima of 18 m³/s and the values for Hirschbrunn are
0.4 and 3.2 m³/s (Benischke et al., 2016). However, the
overflow springs are not monitored and the discharge
for the two drainage systems that are observable in the
cave can only be estimated to be in the order of several
tens of cubic metres per second during floods each.

Fig. 7. Scallop-like speleogens in a ceiling channel SW of Märchensee
(OS) show (S)W-directed (lower left to upper right in the photograph)
palaeo-flow in contrast to the general trend. Photo: Lukas Plan.

In the more elevated Schwabenland (1300-1500 m
a.s.l.), north-directed palaeo-flow could only be
identified in the south-trending part. No flow
direction indicators were found in the large-scale
E-W-trending parts. Only the small-scale feeder
part of Schwabenland shows evidence for eastdirected flow. This part, however, can also be
interpreted as soutirage (sensu Häuselmann et al.,
2003; see below).
The recent drainage systems, both the western and
the eastern one, however, show a north-directed flow
(Fig. 2). Only during severe floods does the western
system also drain in the NE direction, as then older,
more W-E-oriented passages are activated. This
north-directed drainage also agrees with the general
trend revealed by dye tracing tests on the Dachstein
massif (Vökel, 1998).
In the course of this study, morphological
observations were only made in the western drainage
systems of Hirlatzhöhle. Here it can be seen that,
at least in the large-scale active areas (which were
predominantly visited), scallops are relatively rarely
formed and these few are more likely to be found on
boulders than on the walls (e.g., north of Lehmburg WE and between Oase and Sahara - SW). Only in the
smaller parts are well-developed scallops also found
on the walls, such as in the Grünkogleversturz (WW,
Fig. 5a) or Grünkogelüberstieg (SW).
It is striking that in Hirlatzhöhle elongated scallops
are frequent. Lundberg (2012) postulates flow
velocities >3 m/s. This agrees well with the partly
adjacent potholes, which also indicate high velocities.

Paragenetic features
In comparison with other major (epi)phreatic
cave systems in the Eastern Alps (Plan, 2013), it is
noticeable that paragenetic ceiling forms are clearly
less frequent in Hirlatzhöhle. Furthermore, extremely
labyrinthic parts are missing, which could also be
interpreted as the result of sediment filling (Plan
et al., 2015). Both paragenetic ceiling forms and
mazes are very common in caves of the Austroalpine
Crystallin (e.g., Hermannshöhle, 2871/7) but also
in many caves of the NCA (Mammuthöhle, Plan &
Xaver, 2010; Schönberg-Höhlensystem, 1625/300,
unpublished observations by the first author). The few
paragenetic ceiling forms and mazes in Hirlatzhöhle
can be attributed to the lack of non- or poorly soluble
sediments. Carbonate sediments dominate, which
contribute only conditionally to paragenetic forms but
apparently also not to the formation of mazes.
Soutirages
Some small-scale galleries that lead down from the
low points of big ones can be interpreted as soutirages
(Häuselmann et al., 2003). One example is the
feeder part of Schwabenland that leads down to the
bigger galleries of Oberes System. Another one is the
connection of Oberes System (Sprengstelle) down to
Alter Teil (Westlicher Blocktunnel).
Comparison with Mammuthöhle and other caves
The second large cave system in the Dachstein, the
Mammuthöhle, lies only 1.6 km west of Hirlatzhöhle,
which makes a comparison of the two caves inevitable.
As already noted by Schauberger (1957), different
levels dominate in these two caves. In Mammuthöhle
85% of the extended phreatic parts are formed
at 1300 - 1500 m a.s.l. (Plan & Xaver, 2010) and
thus are significantly higher than the main level of
Hirlatzhöhle (800-1300 m a.s.l), implying an older
age. Only Schwabenland and the recently discovered
phreatic parts in the WUG coincide with the main
level of Mammuthöhle. Extensive vadose canyon
shaft systems which are frequent in Mammuthöhle
are rarely encountered in Hirlatzhöhle.
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The differences in sediments, paragenetic features
and mazes have already been pointed out. The most
astonishing difference, however, is the palaeo-flow
direction. It was deduced from scallops and sediment
imbrication and shows a west-directed palaeo-flow
for the central part of Mammuthöhle (Plan & Xaver,
2010; Fig. 8). This is also true for the 2.7 kmlong Dachstein-Rieseneishöhle (1547/17) and the
9.3 km-long Schönberghöhle (1547/70) further to
the east (Plan, 2022). Observations from these three
caves contrast with the NE-directed palaeo-flow in
Hirlatzhöhle at the level between 900 and 1300 m
a.s.l. (Fig. 3).
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No palaeo-flow direction could be deduced in the
W-E-directed large-scale high-level passages of
Schwabenland (1300 to 1400 m a.s.l) given the lack of
scallops (north-directed scallops could only be found
in the N-S-trending passages). However, the phreatic
parts of Schönberghöhle, which are developed around
1225 ± 25 m and also show west-directed palaeoflow, suggest that there was no change from west to
NE-directed palaeo-flow in the course of time (Fig. 8).
It, therefore, appears that the subterranean palaeowaters of the Dachstein collected in the area between
Hirlatzhöhle and Mammuthöhle and flowed further
north via a spring or a large subterranean collector.

Fig. 8. Generalised directions of palaeo vs. recent flow for the caves at the northern rim of Dachstein. The values refer to the elevation (in metres
a.s.l) of the observed palaeo-phreatic level. Length of the arrow roughly shows the extent of the observed distance.

Generally, caves at the altitude of the main palaeophreatic level of Hirlatzhöhle (900 - 1300 m a.s.l.) are
rare in the NCA. The most extensive one is Bergerhöhle
(1511/162) as part of the 30 km-long and 1291 m-deep
Berger-Platteneck-Höhlensystems at the NW margin
of Tennengebirge. Significant horizontal parts are
developed between 900 and 1000 m a.s.l. and were
eponymous for the so-called „Berger Höhlenniveau“,
which is a sub-level between the Giant Cave Level
and the Spring Cave Level (Knapczyk, 1989). Apart
from the elevation, the most significant accordance
with Hirlatzhöhle is the sediments. In Bergerhöhle
the bright cave clay also reaches several metres in
thickness and quartz components of the Augenstein
Fm. are missing (Plan et al., 2021a).
Also, the Untersberg massif hosts caves within an
extensive level between 850 and 1150 m a.s.l., namely
Kolowrathöhle (1339/1) and Riesending-Schachthöhle
(1339/336; Zagler, 2016). The Untersberg is however
1 km lower than the Dachstein and is located in
the northern front of the Alps, thus the course of
uplift and incision may vary significantly from the
southern edge of NCA. Consequently, the vertical
pattern of the caves also differs. Therefore, the levels
in the Untersberg caves do not correlate directly

with the levels in the Dachstein, although a purely
hypsometric approach might suggest so.
Origin of the palaeo-waters
Presently, Eisriesenwelt (1511/24) in Tennengebirge
(Fig. 1) is the only major cave in the NCA for which
it is likely that it was fed by allogenic palaeo-water
from the crystalline rocks in the south (i.e. crystalline
rocks of the Grauwackenzone; Plan et al., 2021a).
Crystalline pebbles in the Brunneckerhöhle (1511/1)
in the Tennengebirge, in the lowermost and active
epiphreatic level (Audra et al., 2002), have been
most likely injected through the entrance during
the last glaciation. For Mammuthöhle an allogenic
feeding from crystalline catchment areas south of the
Dachstein is probable (Plan & Xaver, 2010). However,
this is unlikely for Hirlatzhöhle.
On the one hand, pebbles of Upper Jurassic rocks
(at least partly Ruhpolding Fm.) are common in
Hirlatzhöhle. Presently these rocks crop out some 100 m
NW of the cave (Mandl, 1998), but could have covered
the Dachstein limestone at the time of cave formation.
On the other hand, also the fact that quartz pebbles
of the Augenstein Fm., derived from the crystalline
rocks south of the NCA, are almost missing in
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Hirlatzhöhle speaks against an allogenic feeding.
They could have been washed in from the surface of
Dachstein where they occur frequently.
However, the lack of quartz in Hirlatzhöhle is
possibly related to the younger age of the main level
compared to Mammuthöhle, and to the fact that the
Dachstein was already hydrologically isolated when
Hirlatzhöhle formed. Nevertheless, it is also possible
that the Augenstein Fm. had been previously present
in Hirlatzhöhle as well and later on got almost
completely eroded. The high flow velocities partly
indicated by the elongated scallops and the potholes
support this argument.
Age of the cave
Attempts to determine the age of the caves via the
burial age of clastic sediments in Dachstein have
not provided the expected results yet. Samples from
higher perched Mammuthöhle yielded similar ages
(sample DMH1, altitude 1310 m a.s.l., burial age
5.8 ± 1.3 Ma; DMH2, 1360 m, 4.4 ± 1.0 Ma) as those
from Hirlatzhöhle (sample HR 1000 m, 5.2 ± 0.5 Ma;
HR2, 1060 m, 6.6 ± 0.7 Ma; Häuselmann et al., 2020).
Nevertheless, burial ages of other passages in the Giant
Cave Level (Riesenhöhlen) e.g. Tantalhöhle (1335/30)
in Hagengebirge massif, points to Late Miocene-Early
Pliocene age of deposition (Häuselmann et al., 2020).
The main level in Hirlatzhöhle has to be younger than
that, and it can be roughly estimated that it formed
in the Late Pliocene to Early Pleistocene. This is also
supported by the > 0.6 Ma age of the flowstone that
is post-dating scallop formation in the main passage.

CONCLUSIONS
Hirlatzhöhle was formed mainly under complete
water filling, with morphologic features such as
rills and condensation corrosion cupolas indicating
epiphreatic conditions, which is the case for many
other major caves in the NCA. In contrast to most
other caves in the Eastern Alps, paragenetic ceiling
forms and mazes are rare, which is probably related
to the rarity of insoluble sediments. As the frequent
occurrence of elongated scallops shows, the waters
had high flow velocities and carried (or still carry) a
lot of sediments.
The main palaeo-phreatic level of Hirlatzhöhle (9001300 m a.s.l.) was probably formed in the Late Pliocene
to Early Pleistocene. It is likely that it correlates with
the Berger Cave Level, which is only developed in a few
caves of the NCA and is a sub-level between the Giant
Cave Level and the Spring Cave Level (Knapczyk, 1989).
In general, there are major differences in the
structure of the sediment profiles compared to other
caves on Dachstein like Mammuthöhle and further to
the east (for details see Bethke, 2020; Holzer, 2022).
The generally NE-directed palaeo-flow of Hirlatzhöhle
also differs from the west-directed one of caves located
in the east of Dachstein. This suggests a northdirected palaeo-flow (whether underground or above
ground is unclear) in the area between Hirlatzhöhle
and Mammuthöhle. Even though the major levels
of Hirlatzhöhle and Mammuthöhle are different in

elevation and therefore age, it does not seem that
the flow direction changed over time. Compared to
the flow from Late Pliocene to Early Pleistocene the
present flow direction became more N-directed but
did not change dramatically. The same holds true for
the discharge.
Our observations from Hirlatzhöhle along with
references
to
Berger-Platteneck-Höhlensystems
(Tennengebirge) and caves in Untersberg, clearly
indicate that the long-standing scheme of three major
cave levels in NCA requires revision. A new spatiotemporal framework outlined by isotopic dating
coupled with paleo-flow studies, morphometry, and
tectonic research will define new models for the
evolution of speleogenesis and the NCA landscape for
which, our research is the first step in this direction.
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